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Human rhinovirus-induced ISG15 selectively 
modulates epithelial antiviral immunity 

RS ZaheerS S WiehlerS MH HudyS SL TravesS JB Pelikan\ R Leigh^'^ and D Proud^ 

Human rhinovirus (HRV) infections trigger exacerbations of lower airway diseases. HRV infects human airway epithelial 
cells and induces proinflammatory and antiviral molecules that regulate the response to HRV infection. Interferon (IFN)- 
stimulated gene of 1 5 kDa (ISG1 5) has been shown to regulate other viruses. We now show that HRV-1 6 infection induces 
both intracellular epithelial ISG1 5 expression and ISG1 5 secretion in vitro. Moreover, ISG1 5 protein levels increased in 
nasal secretions of subjects with symptomatic HRV infections. HRV-1 6-induced ISG15 expression is transcriptionally 
regulated via an IFN regulatory factor pathway. ISG15does not directly alter HRV replication but does modulate immune 
signaling via the viral sensor protein RIG-I to impact production of CXCL1 0, which has been linked to innate immunity to 
viruses. Extracellular ISG1 5 also alters CXCL1 0 production. We conclude that ISG1 5 has a complex role in host defense 
against HRV infection, and that additional studies are needed to clarify the role of this molecule. 



INTRODUCTION 

Human rhinovirus (HRV) is the dominant viral pathogen 
hnked to acute exacerbations of lower airway diseases such as 
asthma, chronic obstructive pulmonary disease, and cystic 
fibrosis/"^ The airway epithelial cell is the primary site of HRV 
infection and it is believed that viral alterations in epithelial cell 
biology regulate the outcomes to HRV infection in the airways. 
In support of this, HRV infection, in vivo and in vitro, induces 
epithelial expression of a wide range of proinflammatory and 
antiviral host defense genes.''"^ Several studies have focused on 
the HRV- induced epithelial production of proinflammatory 
cytokines and chemokines.**"^^ By contrast, although nitric 
oxide and viperin have been shown to inhibit HRV replica- 
tion,'''^^ little is known about the role of other host defense 
molecules in limiting HRV infections. 

Interferon (IFN)-stimulated gene of 15 kDa (ISG15) is an 
ubiquitin-like modifier that is highly induced upon HRV 
infection of airway epithelial cells, both in vitro and in vivo!^'^ 
ISG15 can be covalently coupled to many host cellular proteins 
(a process known as ISGylation), often modulating their 
functions.'^ Moreover, ISG15 can conjugate to some viral 
proteins, such as the NSl protein of influenza, resulting in 
antiviral activity.'* Unlike most proteins involved in post- 
translational modification of proteins, ISG15 can be secreted 
from some cell types and exert immunomodulatory effects. 



including stimulation of T-cell proliferation, and expansion 
and activation of natural killer (NK) cells.'^'"' Despite its effects 
in other systems, the regulation and role of ISG15 during HRV 
infection has not been examined. 

We hypothesized that HRV infection would induce epithelial 
expression and secretion of ISG15, and that ISG15 would exert 
modulatory effects on epithelial responses to HRV infection. We 
now demonstrate that HRV-induced epitheUal expression of 
ISG 1 5 is regulated transcriptionally via an IFN regulatory factor 
(IRF) binding site(s) in the gene promoter, and that HRV 
infection induces epithelial expression and extracellular secre- 
tion of ISG15 both in vitro and in vivo. Although ISG15 does not 
directly affect replication of HRV in epithelial cells, it regulates 
HRV-induced epitheUal production of CXCL 1 0 but not CXCL8 . 
Thus, our data suggest that ISG 15 exerts a complex immune 
regulatory role during HRV infections. 

RESULTS 

HRV-1 6 infection of human bronchial epithelial cells 
induces time-dependent expression and release of ISG15 

HRV- 1 6 infection induced a time-dependent (P < 0.05) increase 
in ISG 15 mRNA levels compared with medium (Figure la). 
Constitutive expression of ISG15 mRNA was observed but did 
not significantly change with time. Compared with medium, 
HRV- 1 6 infection significantly increased ISG 1 5 mRNA levels at 
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Figure 1 Human rhinovirus (HRV)-16 infection induces tlie expression 
of interferon-stimulated gene 15l<Da(ISG15) mRNAand protein in human 
broncfiial epitfielial (HBE) cells, (a) Induction of ISG15 mRNA expression 
after HRV-16 infection in HBE cells assessed by quantitative reverse 
transcriptase-PCR (femtograms ± s.e.m.; n=6). (b) Immunoblot 
detection of intracellular ISG15 protein production following HRV-16 
infection of HBE cells (representative of n=3). (c) Levels of released 
ISG15 into the supernatants of HRV-16-infected HBE (|.ig ml" ^ ± s.e.m.; 
n=6). M, medium control; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; HRV, HRV-16. GAPDH was used as an internal control. 
Asterisk indicates significant difference between medium and HRV-16- 
infected cells at the respective time point (P<0.05). 

both 24 (P<0.05) and 48h (P<0.001) post infection (Figure 
la). Similar data were observed using the human bronchial 
epithelial (HBE) cell line, BEAS-2B, with maximal expression at 
48 h (data not shown). HRV infection increased ISG15 protein 
expression in HBE cells in a time-dependent manner, with 
protein detectable at 24 h and peak expression at 48 h (Figure 
lb). Similar data were observed using BEAS-2B cells (data not 
shown). Release of ISG15 protein into HBE supernatants was 
measured at 24 and 48 h. Constitutive secretion was observed at 
both time points, but this was increased following HRV-16 
infection, with the difference reaching statistical significance 
(P<0.05) at 48 h (Figure Ic). 

ISG15 protein release into nasal secretions correlates with 
viral load during naturally acquired HRV infections 

We measured ISG15 protein levels in nasal secretions from 10 
different healthy subjects with confirmed naturally acquired 
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Figure 2 Healthy volunteers with naturally acquired human rhinovirus 
(HRV) colds have increased levels of interferon-stimulated gene of 1 5 kDa 
(ISG15) protein in nasal lavages. ISG15 protein (ngml"^) and 
corresponding viral titers (log TCIDsoUmP^) in samples from HRV- 
infected individuals at the onset of cold symptoms (visit 1), 2 subsequent 
days (visits 2 and 3), and 4 weeks after onset of symptoms and clearance 
of viral infection (visit 4). Data represent mean ± s.e.m. (n= 10). Asterisks 
indicate significant (P<0.05) difference between visit 1 and visit 4 (within 
each respective group). 



HRV infections (Figure 2). Nasal lavages were obtained on 3 
consecutive days when subjects were symptomatic and were 
shedding HRV (visits 1-3), and again at least 2 weeks after the 
resolution of cold symptoms when no HRV could be detected 
(visit 4). ISG15 protein levels were highest in nasal secretions 
obtained at visit 1 and displayed a time-dependent decrease 
(P<0.05), with ISG15 protein levels significantly higher 
at visit 1 (100.1 + 46.1 ngml~ ^) compared with visit 4 
(5.2 ± 2.5 ngml~ ^; Figure 2). Moreover, levels of secreted 
ISG15 significantly correlated (r=0.5, P< 0.005) with HRV 
viral titers and with symptom scores (rs = 0.43, P<0.01). 

HRV-16-induced ISG15 expression is transcriptionally 
regulated through a specific IRF DNA-binding site 

To examine transcriptional regulation of ISG15, we compared 
responses of a 634-bp ISG15 promoter construct with various 
truncated forms of the promoter, as illustrated in Figure 3. Data 
are expressed both as fold increase above that induced by 
appropriate medium control and as relative light units (RLUs) 
so that differences in basal level of induction between 
constructs can be seen. Constructs were transfected into 
BEAS-2B cells and stimulated for 24 h. HRV-16 infection 
caused a significant (P< 0.001) drive of the 634-bp construct 
compared with medium. Truncation of the ISG15 promoter to 
308-bp, which excluded the IRF-C and overlapping signal 
transducer and activator of transcription (STAT)/nuclear 
factor-KB (NF-KB)-2-binding sites did not significantly alter 
HRV-16-induced promoter drive compared with the 634-bp 
construct. Further truncation to a 215-bp construct, which 
excluded the proximal NF-kB1 site but retained the proximal 
IRF- A, IRF-B, and a cyclic adenosine monophosphate response 
element (cAMP response element) site, significantly (P<0.05) 
reduced HRV-16-induced promoter drive when analyzed 
as fold induction, but failed to achieve significance when 
expressed in RLUs. Analysis of a 155-bp construct that deleted 
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Figure 3 Human rhinovirus {HRV)-1 6-inducecl interferon-stimulated gene of 1 5 kDa (ISG1 5) expression is controlled at the level of transcription. A 634- 
bp ISG1 5 promoter sequence and various truncated forms were cloned upstream into a pGL4.1 0 firefly luciferase plasmid and transiently transfected into 
BEAS-2B cells using lipid-mediated techniques. Cells were exposed to medium (M) or infected with HRV-16 (V) for 24 h and luciferase activity was 
measured. Data are presented as (a) fold increase over medium control and (b) relative light units (RLUs), and represent mean ± s.e.m. {n= 6). Asterisk 
indicates significant difference between 634-bp vs. truncated forms in HRV-16-infected cells (P<0.05). Transcription factor binding sites in the ISG15 
promoter: CRE, cAMP response element; IRF, interferon regulatory factor; kB, nuclear factor-KB; STAT, signal transducer and activator of transcription. 



the IRF-A- and IRF-B-binding sites abrogated virus-induced 
ISG15 promoter drive to near-basal levels either when analyzed 
as fold induction or as RLUs. 

Specific point mutations were introduced into the putative 
transcription factor-binding sites found in the 634-bp pro- 
moter construct. Consistent with truncation mutant studies, 
separate point mutations of the IRF-C or the overlapping STAT 
/NF-KB2 sites did not significantly alter HRV-16-induced 
promoter activity compared with the wild-type construct (data 
not shown). As shown in Figure 4a, individual mutations were 
introduced into the remaining NF-kB1, IRF- A, IRF-B, and 
cAMP response element sites. For each of these mutated 
constructs, basal drive was lower than that observed for the 
wild-type construct, such that interpretation of results is 
complex and varies depending on whether fold induction or 
RLUs are compared. On the basis of fold induction values, only 
mutation of the IRF-B-binding sequence significantly 
(P<0.05) reduced HRV-induced promoter drive compared 
with the wild-type sequence. Consistent with these data, 
simultaneous mutation of both the IRF-A and the NF-kB1 sites 
did not decrease promoter activity compared with wild type 
(Figure 4c). Double mutation of IRF-B and IRF-A or IRF-B and 
NF-kBI sites significantly (P<0.05) inhibited HRV-induced 
promoter drive compared with wild type in each case (Figure 
4c), although the effect of these double mutations was not 
greater than that observed on mutation of the IRF-B site alone. 
By contrast, when data were expressed as RLUs, mutation 
of each of the sites examined results in a significant reduction 
of viral drive. Of note, however, mutation of the putative 
IRF-binding sites cause the greatest abrogation of viral drive 



(Figure 4b). Any double mutant that included mutation of an 
IRF site showed significant reduction of viral drive relative to 
the wild-type construct (Figure 4d). Thus, although data need 
to be interpreted with caution, putative IRF-binding sites 
appear to have a significant role in HRV-induced ISG15 gene 
activation. 

We have previously shown that HRV-16 infection induces 
epithelial expression of the transcription factor, IRF-1.^^'^* 
Given the putative role of the IRF-binding site(s) in the 
regulation of HRV-16-induced ISG15 expression, we used two 
separate IRF- 1 -specific short- interfering RNA (siRNA) 
duplexes to examine the role of this transcription factor in 
ISG15 expression. Both duplexes markedly attenuated HRV- 
16-induced intracellular ISG15 protein production as assessed 
by immunoblotting (Figure 5). 

ISG15 siRNA knockdown does not directly alter HRV-16 
replication in HBE cells 

Previous reports have shown that ISG15 exerts antiviral actions 
against various viruses, including influenza virus. To 
determine whether ISG15 has a direct antiviral role against 
HRV in epithelial cells, HBE cells were transfected with two 
separate ISG15 siRNA duplexes (10 um each). Effective knock- 
down of ISG15 protein was demonstrated compared with 
control siRNA at 48 h following HRV-16 infection (Figure 6a). 
Given that peak ISG15 protein expression occurs at 48 h 
following HRV infection, we assessed the effect of ISG15 
knockdown on viral replication at times of peak ISG15 protein 
production (48-72 h time point). Thus, HBE cells were 
transfected with either one of two ISG15 siRNA duplexes 
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Figure 4 Human rhinovirus (HRV)-16-induced interferon-stimulated gene of 15kDa {ISG15) transcriptional upregulation is mediated specifically 
through the interferon regulatory factor {IRF)-B DNA-binding site. Specific point mutations were introduced into either individual (a) or multiple (b) DNA- 
binding sites in the 634-bp ISG15 promoter sequence using site-directed mutagenesis techniques. BEAS-2B cells were transiently transfected using 
lipid-mediated techniques. Cells were infected with HRV-1 6 for 24 h and luciferase activity was measured in cell lysates. Data are presented as (a,c) fold 
increase over medium control and (b.d) as relative light units (RLUs), and represent mean±s.e.m. (n=6). Asterisk indicates significant difference 
between wild type and mutated forms in HRV-1 6-infected cells {P<0.05). Transcription factor binding sites in the ISG1 5 promoter: CRE, cAMP response 
element; kB, nuclear factor-KB; STAT, signal transducer and activator of transcription; M, medium control; V, infection with HRV-1 6. 
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Figure 5 Interferon (IFN) regulatory factor (IRF)-I knockdown reduces 
human rhinovirus {HRV)-16-induced IFN-stimulated gene of 15kDa 
{ISG15) protein production in human bronchial epithelial (HBE) cells. 
HRV-1 6-induced ISG15 protein (48 h after infection) was assessed by 
immunoblotting following lipid-mediated transfection (24 h) of 10 nM IRF-1 
short-interfering RNA (sIRNA) duplexes A or B compared with control, 
nontargeting sIRNA. ISG15 blot is representative of three separate 
experiments. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal control. M, medium control; HRV, HRV-1 6. 

or a control, nontargeting siRNA, and exposed to HRV- 16 for 
3h. Cells were then washed thoroughly to remove 
noninternalized viral particles and fresh medium was 
added. Every 24 h, supernatants were collected and fresh 
medium was replaced for a total of 72 h. At the 48- to 72-h 
collection time point following peak ISG15 expression, HRV- 
16-infected HBE supernatants and cell lysates were assessed for 
levels of HRV- 16 RNA by real-time PGR (Figure 6b). No 
significant difference in virus levels was found in supernatants 
between HRV-1 6-infected cells transfected with control siRNA 
or either of the ISG15 siRNA duplexes. Furthermore, loss of 
ISG15 using either duplex did not significantly alter HRV- 16 
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RNA levels in whole cell lysates compared with control siRNA 
cells (Figure 6b). HRV- 16 RNA was not detected in uninfected 
HBE cells (not shown). We also monitored the effect of ISG15 
siRNA knockdown on the release of intact, infective virions 
using the same HRV-16-infected HBE supernatants by 
measuring viral titers (TCIDsoml"'). In agreement with 
our reverse transcriptase PGR (RT-PGR) studies, ISG15 
knockdown did not significantly alter the release of 
infectious HRV- 16 compared with control siRNA-infected 
cells (Figure 6c). Similar to our findings in HBE cells, 
knockdown of ISG15 (duplex A) in BEAS-2B cells did not 
significantly affect levels of HRV- 16 viral titers compared with 
control siRNA-treated cells (not shown). 

HRV-1 6 infection induces the binding of ISG15 to RIG-I 

In HeLa cells exposed to IFN, ISG15 modulates activity of the 
double-stranded RNA pattern recognition receptor, RIG-I,^" 
which has been reported, along with melanoma differentiation 
associated gene-5 (MDA5), to regulate HRV-induced epithelial 
expression of downstream genes. We determined whether 
ISG15 regulates HRV-induced expression of RIG-I and/or 
MDA5. Transfection of HBE cells with either of the two ISG15- 
selective siRNA duplexes had no effect on intracellular 
expression of either RIG-I or MDA5 protein 48 h after 
HRV- 16 infection (Figure 7a). 

We transfected BEAS-2B cells with a previously described 
pTIS vector expressing FLAG- tagged RIG-I (pTIS-FLAG-RIG-I) 
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Figure 6 Interferon-stimulated gene of 15 kDa (ISG15) knockdown markedly inhibits human rhinovirus (HRV)-16-induced ISG15 protein expression, 
but does not alter HRV-16 replication in human bronchial epithelial (HBE) cells, (a) HRV-16-induced ISG15 protein expression (48h after infection) is 
reduced after transfection of 10nM ISG1 5 short-interfering RNA (sIRNA) duplexes A or B compared with control, nontargeting siRNA (n = 3). HBE cells 
were initially transfected with either ISG15-specific siRNA duplex or control siRNA followed by HRV-1 6 infection for3 h, washed with Hank's balanced salt 
solution (HBSS) three times, and fresh medium was added and collected every 24 h (72 h total), (b) HRV-16 RNA levels were measured (72 h after 
infection) in HBE lysates (white bars) and supernatants (black bars) using 5'-untranslated region (UTR)-specific primers and probe (cycle threshold 
counts ±s.e.m.;n= 3). (c) HRV-1 6 titers from HBE were measured (72 h after infection) from supernatants using WI-38 lung fibroblast viral titer assay (log 
TCIDsoUmr ^ ±s.e.m.; n=3). 



or empty pTIS vector as a negative control. Expression of RIG-I 
was assessed by immunoprecipitation followed by immunoblot 
detection of FLAG protein. As expected, BEAS-2B cells 
transfected with the control pTIS plasmid did not contain 
detectable RIG-I. Similarly, immunoprecipitation with IgG 
control antibody did not result in detectable FLAG-labeled 
RIG-I protein in cells transfected with the RIG-I vector (data not 
shown). By contrast, immunoprecipitation and blotting with 
anti-FLAG showed clear expression of RIG-I in BEAS-2B cells 
and the levels of expressed FLAG-labeled RIG-I were not 
different in cells exposed to medium or HRV- 1 6 for 48 h (Figure 
7b, upper panel). ISG15 protein was not detectable in cells 
transfected with either the pTIS or RIG-I plasmids and exposed 
to medium, but ISG15 was induced on HRV-16 infection of cells 
transfected with either the RIG-I or control vectors (Figure 7b, 
lower panel). To assess binding of ISG15 to RIG-I, cells were 
transfected with the RIG-I or control vectors and then exposed to 
medium alone or HRV-16. Cellular proteins were immuno- 
precipitated with anti-FLAG and blots were probed with anti- 
ISG15. No binding was detected in cells transfected with the 
control pTIS vector and exposed to either medium alone or 
HRV-16. In RIG-transfected cells, however, HRV-16 infection, 
but not exposure to medium, resulted in ISG15 binding to RIG-I 
(Figure 7b, middle panel). 

RIG-I protein is detected in epithelial cells within 8 h of HRV 
infection,^ ^ which is before the maximal intracellular ISG15 
protein production. We therefore examined whether HRV- 



induced ISG15 expression is dependent on the presence of RIG- 
I. Transfection of HBE with two separate RIG-I siRNA duplexes 
abrogated HRV-16-induced ISG15 protein levels (Figure 7c), 
suggesting a potential feedbackloop in the regulation of ISG15. 

ISG15 selectively regulates HRV-1 6-induced CXCL10 
expression via intracellular and extracellular pathways 

As RIG-I has been reported to regulate HRV-induced epithelial 
expression of downstream genes, including CXCLIO,^^ we 
examined whether ISG15 regulated HRV-1 6-induced CXCLIO 
expression. Transfection of HBE with ISG15-selective siRNA 
duplexes resulted in a significant (P<0.01) enhancement of 
CXCLIO protein release 48 h post HRV-16 infection (Figure 
8a). Given that ISG15 can also be secreted from HRV-infected 
HBE cells, we evaluated effects of extracellular application of 
recombinant active and inactive (precursor) forms of ISG15. 
Human recombinant active ISG15 caused a concentration- 
dependent (P<0.05) inhibition of HRV-1 6-induced CXCLIO 
release compared with virus alone, with significant inhibition 
observed at both 30 and 10 |j.gml~ ^ active ISG15 (Figure 8b), 
whereas inactive pro-ISG15 had no significant effect. 
Incubation of HBE cells with ISG15 alone did not induce 
CXCLIO protein release at any concentration used (data not 
shown). HRV-16-induced epithelial CXCLIO expression is 
transcriptionally regulated. ^'"^^ To determine whether ISG15 
affected CXCLIO transcription, BEAS-2B cells were transiently 
transfected with a 972-bp CXCLIO promoter luciferase 
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Figure? Interferon-stimulated geneof 15 kDa (ISG15) does not alter human rhinovirus (HRV)-16-induced RIG-I protein expression, but ISG 15 binding 
to RIG-I is increased following HRV infection, (a) HRV-16-induced RIG-I and MDA-5 protein levels in human bronchial epithelial (HBE) cell lysates (48 h 
after infection) were assessed by western blotting after lipid-mediated transfection (24 h) of 10 nM ISG1 5 short-interfering RNA (siRNA) duplexes A or B, 
compared with control, nontargeting siRNA. (b) HRV-16 infection induces ISG15 binding to RIG-I in BEAS-2B cells. A pTIS plasmid encoding FLAG- 
tagged RIG-I was transiently transfected using lipid-mediated techniques. Cells were infected with HRV-16 for 48 h and cells were lysed. (c) HRV-16- 
induced ISG15 and RIG-I protein levels (24 h after infection) in HBE cells were reduced after lipid-mediated transfection (24 h) of lOnM RIG-I siRNA 
duplexes A or B compared with control, nontargeting siRNA. Blots are representative of three separate experiments. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as an internal control. M, medium control; HRV, HRV-16. 



construct followed by incubation with HRV-16 alone, 
30|igml~^ of active or pro-ISG15 alone, and active or pro- 
ISG15 in combination with HRV-16 for 24 h (Figure 8c). HRV- 
induced CXCLIO promoter luciferase activity was significantly 
(P< 0.05) inhibited in the presence of 30 |ig ml ~ ^ active ISG15, 
whereas the inactive form of ISG15 protein (30 fig ml ~^) did 
not alter HRV-16-induced CXCLIO promoter drive. Neither 
form of recombinant ISG 15 protein caused CXCLIO promoter 
drive by itself (Figure 8c). The effects of ISG15 on HRV-16- 
induced CXCLIO were selective, as neither the active or inactive 
form of ISG 15 inhibited HRV-16-induced CXCL8 release 
(Figure 8d). 

HRV-induced epithelial cell expression of ISG15 and 
CXCL10 is not dependent on IFNs 

Given that ISG15 and CXCLIO are both IFN-inducible genes, it 
is possible that the ability of HRV-infection to induce epithelial 
expression of one or both of these genes may occur secondary to 
viral induction of IFNs. We previously showed that HRV- 
induced epithelial CXCLIO expression is not dependent on type 
I IFNs, as blockade of the type I IFN receptor blocked induction 
of CXCLIO by IFN-P but not by HRV infection." Moreover, 
although HRV-induced IFN-P secretion from epithelial cells 

1132 



has been described, we, and others, have been unable to detect 
measurable type I IFN protein secretion from HRV-infected 
epithelial cells.'^'""^'''^^ By contrast, HRV-induced IFN->.1 
(interleukin (IL)-29) secretion has been consistently observed 
from human airway epithelial ceUs.'''^* To determine whether 
viral induction of IL-29 was necessary for HRV-induced ISG15 
and CXCLIO expression, we initially tried using siRNA 
approaches in primary HBE cells. Despite using multiple 
siRNA duplexes, we were unable to achieve substantial 
knockdown of IL-29. Therefore, as an alternative approach 
we exposed BEAS-2B cells, which do not produce IL-29 on 
HRV infection (unpublished data), to HRV or 1 ng ml ~ ^ of IL- 
29 to examine the role of IL-29 in HRV-induced epithelial 
expression of ISG 15 and CXCLIO without potential inter- 
ference from endogenous IFN production. The concentration 
of IL-29 used (1 ngml~ ^) is the maximal level we have ever 
detected from primary HBE cells on HRV infection.'' As 
expected, HRV infection caused robust induction of both ISG 15 
and CXCLIO at 24 and 48 h post infection, but did not stimulate 
measurable IL-29 production (Figure 9). By contrast, 
stimulation with IL-29 induced only weak expression of 
ISG 15 and low levels of CXCLIO secretion. Greater than 
80% of the exogenously administered IL-29 was recovered even 
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Figure 8 Human rhinovirus (HRV)-1 6-induced CXCL1 0 protein production from human broncliial epithelial (HBE) cells is modulated in the presence of 
interferon-stimulated gene of 15kDa (ISG15) short-interfering RNA (siRNA) and recombinant, active ISG15 protein, (a) HRV-1 6-induced CXCL10 
protein release in the presence of ISG1 5-specific or control, nontargeting siRNA was assessed by enzyme-linked immunosorbent assay (ELISA) at 48 h 
after infection. Asterisk indicates significant difference between HRV-1 6-induced CXCL10 production in ISG15 siRNA vs. control sIRNA-treated cells 
{P<0.05). HRV-1 6-induced (b) CXCL10 or (d) CXCL8 protein levels in supernatants were assessed using ELISA in the presence of various 
concentrations of either active or inactive ISG15 protein after 24 h incubation, (c) BEAS-2B cells were transiently transfected with a full-length 972-bp 
CXCL10 promoter-lucif erase construct and incubated with either active or inactive ISG15 (30|.ig ml" ') in the presence or absence of HRV-1 6 for 24 hi. 
Luciferase activity was measured in cell lysates. Data are presented as fold increase over medium control and represent mean ± s.e.m. (n= 6). CXCL10 
and CXCL8 protein data are means±s.e.m. (n=3-5). Asterisk indicates significant difference between HRV-16 alone and HRV-1 6 + active ISG15 
{P<0.05). 
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Figure 9 Human rhinovirus (HRV)-1 6-induced interferon (IFN)-stimulated gene of 15kDa (ISG15) expression and CXCL10 production is not 
dependent on interleukin {IL)-29 (type III IFN). BEAS-2B cells were infected with HRV-16 (HRV) or exposed to medium (M) or exogenous IL-29 
(1 ng ml " '). (a) Western blotting for ISG1 5 expression (representativeof n = 3). (b) Enzyme-linked immunosorbent assay (ELISA) to determine levels of 
IL-29 in supernatants at 24 and 48 h post stimulation (data are mean ± s.e.m. from three experiments), (c) Levels of CXCL1 0 secretion in supernatants at 
24 and 48 h post stimulation (data are mean ± s.e.m. from three experiments). 
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at 48 h after application, indicating that the lack of measurable 
production of IL-29 from HRV-infected BEAS-2B cells is 
unlikely to be due to degradation. Thus, HRV-induced ISG15 
and CXCL 10 production is not dependent on IL-29 production. 

DISCUSSION 

ISG 1 5 can be covalently attached to both host and viral proteins 
via the action of a unique intracellular ligase cascade that 
parallels that involved in ubiquitination.^^ Conjugation (ISGy- 
lation) is postulated to alter the function of viral and host 
proteins leading to antiviral activity. Although ISG 15 
expression has been described in epithelial cells infected with 
HRV,'*'*' the regulation of its expression and its potential role in 
antiviral immunity to HRV has not been previously examined. 

We confirmed that HRV infection induces epithelial 
expression of ISG15 mRNA and protein, and provided the 
first demonstration that ISG15 is secreted from HRV-infected 
primary human airway epithelial cells. Expression and secretion 
of ISG 15 was not observed until 24-48 h post infection, 
suggesting that induction is dependent on late, virus replica- 
tion-dependent signaling pathways. We have previously shown 
that HRV- 16 infection does not alter cell viability;^''^" thus, 
release must be due to active secretion rather than cell lysis. As 
ISG15does not contain a secretory leader sequence, ^ ^ it has been 
proposed that it is released through a noncanonical pathway 
independent of the endoplasmic reticulum and Golgi complex, 
similar to IL-ip or fibroblast growth factors 1 and 2}^'^^ 
Although it is feasible that ISG 15 could be secreted as a 
complex with another protein, there are no reports of ISG 15 
conjugate secretion, and the secreted ISG15 we measure dilutes 
appropriately in the enzyme-linked immunosorbent assay, 
indicating that if a conjugate is formed it must be with a protein 
small enough to not interfere with antibody recognition. As 
noted, ISG15 is an ubiquitin-like protein; thus, it is of interest 
that both ubiquitin and SUMO -3 can also be secreted from 
some cell types in humans.^' We also provide the first 
demonstration that ISG 15 is released into nasal secretions 
of subjects with naturally acquired HRV infections, and that 
levels of ISG 15 in secretions significantly correlate with viral 
load and symptom scores. As ISG 15 in the extracellular milieu 
can exert immunomodulatory activities, including inducing 
proliferation of T lymphocytes, expansion and activation of NK 
cells, and recruitment of neutrophils,^'''^^ secretion of ISG15 
into nasal secretions could regulate antiviral immunity during 
HRV infections. 

HRV-induced epithelial expression of ISG 15 is regulated, at 
least in part, at the level of transcription. Our data show that 
activation of the ISG 15 promoter upon HRV infection is 
dependent, at least in part, on interaction of a transcription 
factor(s) of the IRF family with a specific recognition 
sequence(s). Our data suggest a clear role for the IRF-B 
recognition sequence, while the role of the IRF-A site is not 
entirely clear, as data can be interpreted differently depending 
on whether expressed as fold induction above respective basal 
drive or as raw RLUs. Interestingly, the IRF-B site has been 
shown to be important for transcriptional regulation of ISG 15 
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induction in response to IFN-p.^"* Although viral induction of 
genes is often linked to activation of IRF-3,^* our prior studies 
have indicated no role for IRF-3 in induction of epithelial 
expression of CXCL 10 on HRV infection, but an essential role 
for IRF-1.^^'^^ Consistent with our earlier observations, 
selective knockdown of IRF-1 markedly inhibited HRV- 
induced ISG 15 expression, suggesting that interactions of 
IRF-1 with the IRF recognition sequence(s) in the ISG15 
promoter contributes to ISG 15 gene regulation. 

Although ISG 15 inhibits the replication of a number of 
viruses, either via direct ISGylation of viral proteins or via 
conjugation to host cell proteins, or both,^'*'^'' highly effective 
knockdown of ISG 15 using each of two different siRNA 
duplexes targeting ISG 15 had no effect on HRV replication in 
airway epithelial cells. We have previously shown that viral 
replication in cultured epithelial cells remains constant over at 
least a 3-day period;* hence, we were able to assess the effects of 
siRNA knockdown of ISG 15 at a time after it was normally 
maximally induced. Consistent with these data, showing no 
direct role of ISG 15 in regulating replication of HRV, 
replication of other viruses, including herpes simplex virus, 
is unaltered in cells derived from patients with inherited ISG 15 
deficiency,^'' and ISG15-deficient mice show increased suscept- 
ibility to some, but by no means all, of the viruses examined.^^ 

This lack of direct effect on HRV replication does not rule out 
a potential modulatory role of ISG 15 on antiviral immunity via 
effects on host proteins. The RNA helicases, RIG-I and MDA5, 
serve as pattern recognition receptors for viral double-stranded 
RNA and signaling via both of these molecules has been linked 
to HRV-induced expression of a number of downstream gene 
products.^''^^ Knockdown of ISG15 did not alter expression of 
RIG-I or MDA5 upon HRV infection, but this did not rule out 
effects on RIG-I function, as conjugation of ISG15 to RIG-I has 
previously been reported to regulate downstream signaling.^* 

Although RIG-I has been reported to be a target for 
ISGylation in HeLa cells stimulated with IFN,^" this has not 
been examined in response to HRV infection of bronchial 
epithelial cells. Using a FLAG-tagged RIG-I overexpression 
plasmid and immunoprecipitation, we showed that when 
ISG15 expression was induced in cells infected with HRV-16, 
ISG15 binding to RIG-I occurred. These data are consistent 
with the concept that ISGylation of RIG-I occurs in HRV- 
infected epithelial cells and, presumably, is involved in 
downregulating RIG-I function. 

As induction of RIG-I occurs within 8 h in HRV-infected 
ceUs,^^ we used siRNA knockdown to determine whether RIG-I 
may also mediate HRV-induced ISG 15 expression, and found 
that preventing RIG-I induction did indeed inhibit HRV- 
induced ISG15 expression. Thus, although HRV-16-induced 
ISG15 conjugates to RIG-I, the expression of ISG15 following 
HRV infection is also dependent on RIG-I-mediated signaling, 
forming a potential negative feedback loop. 

RIG-I-mediated signaling has been linked to downstream 
production of several proteins in HRV-infected epithelial 
cells,^^ including CXCLIO, a chemokine linked to antiviral 
immunity via its ability to recruit activated type 1 T 
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lymphocytes and NK cells to sites of infection. CXCLIO- 
deficient mice have decreased ability to control viral infections, 
and impaired T-cell recruitment and activation, whereas 
CXCLIO transgenic mice show improved control of infection 
and enhanced NK cell responses.''^''"' The demonstration that 
ISG15 knockdown led to enhanced HRV-16-induced secretion 
of CXCLIO implies that ISG15 has a negative regulatory role on 
CXCLIO secretion. Consistent with the siRNA knockdown 
studies, we found that exogenous application of active, but not 
an inactive precursor form of ISG15 inhibited HRV-induced 
CXCLIO production. Exogenous ISG15 also was able to 
suppress transcriptional activation of the CXCLIO gene. This 
effect appears to have some selectivity, as CXCL8 production in 
response to HRV-16 infection was not altered. CXCL8 is 
induced early after HRV infection and can occur even with 
virus-rendered replication deficient via direct receptor- 
mediated signaling.''^"''^ The lack of effect on CXCL8 may 
reflect the fact that its induction, unlike CXCLIO, does not 
require the interaction of viral replication intermediates with 
RNA helicases, such as RIG-I, or induction of IRF-L Given that 
ISG15 does not inhibit viral replication and suppresses 
production of CXCLIO, which has been linked to antiviral 
immunity, it may be tempting to speculate that ISG15 actually 
suppresses antiviral immunity to HRV infection. However, 
such speculation may be premature, as a comprehensive 
assessment of the effects of ISG15 on other genes with potential 
antiviral effects has not yet been performed. In addition, the 
ability of ISG15 itself to trigger expansion and activation of NK 
cells implies that the role of this molecule in the antiviral 
response to HRV infection is likely to be complex. Furthermore, 
the putative receptor(s) for extracellular ISG15 has not been 
identified and it is unknown how many other cell types may be 
regulated via extracellular ISG15. 

Both ISG15 and CXCLIO are considered members of the so- 
called "IFN-inducible transcriptome". However, although 
these genes are IFN-inducible, there is precedent that many 
inducible genes can also be induced by IFN-independent 
mechanisms. Human airway epithelial cells do not produce 
IFN-y and the induction of type I IFNs in HRV-infected 
epithelial cells is controversial. There are reports of HRV- 
induced epithelial production of IFN-P, and it has been 
suggested that deficient HRV-induced production of IFN-p is a 
characteristic of asthma.^^ By contrast, several groups, 
including us, have been unable to measure secretion of type 
I IFNs from HRV-infected airway epithelial cells.'^'"'^'*'^^ 
Moreover, we have previously shown that blockade of the 
type I IFN receptor inhibits IFN-P-induced airway epithelial 
cell production of CXCLIO, but does not modulate HRV- 
induced CXCLIO production. Recent data suggest that the 
predominant IFN produced on HRV infection of primary 
cultures of human airway epithelial cells is IFN->^1 (IL-29).'''^^ 
We demonstrated, however, that HRV infection of BEAS-2B 
cells (which do not produce IL-29 in response to infection) 
generated substantial amounts or ISG15 and CXCLIO. By 
contrast, exogenous administration of IL-29, at the maximal 
level we have observed from HRV-infected primary airway 
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epithelial cultures, was a much weaker stimulus for induction of 
ISG15 and CXCLIO. Taken together, therefore, our data 
indicate that HRV infection induces both ISG15 and CXCLIO 
independently of type I or type III IFNs. This is consistent 
with a recent study demonstrating that influenza infection of 
cells lacking both type I and type III IFN receptors still induced 
a full "IFN-like transcriptome," including both ISG15 and 
CXCLIO.'''' 

In summary, HRV infection of epithelial cells induces 
expression and secretion of ISG15. Induction of ISG15 is 
independent of IFN production but depends on transcriptional 
regulation via IRF recognition sequence(s) in the ISG15 
promoter. Knockdown of IRF-1 suppresses HRV-induced 
ISG15 production. ISG15 does not directly regulate replication 
of HRV in airway epithelial cells but can modulate immune 
responses via effects on the double-stranded RNA pattern 
recognition receptor, RIG-I, and by regulating CXCLIO 
production. Additional studies are required to more fully 
define the complex role of ISG15 in host antiviral defenses 
against HRV infection. 

METHODS 

Reagents and antibodies. The following reagents were purchased: 
Eagle's minimal essential medium. Hank's balanced salt solution, 
penicillin-streptomycin-amphotericin B, and L-glutamine, TRIzol 
reagent, sodium pyruvate, nonessential amino acids, gentamicin, and 
fetal bovine serum (Invitrogen, Burlington, ON, Canada); bronchial 
epithelial cell basal medium, and additives to create bronchial epi- 
thelial cell growth medium (BEGM; Lonza, Walkersville, MD); 
TaqMan Master Mix, 20 x gIyceraldehyde-3-phosphate dehy- 
drogenase, RNase inhibitor, and reverse transcriptase (Applied 
Biosystems, StreetsvUle, ON, Canada); TransIT LTI (Mirius, Madison, 
WI);fireflyluciferasereporterplasmidpGL4.10[luc2],and5 x passive 
lysis buffer (Promega, Madison, WI); firefly luciferase assay kit 
(Biotium, Hayward, CA); protease inhibitor tablets (Roche, Mis- 
sissauga, ON, Canada); horseradish peroxidase-conjugated anti-rabbit 
Ig Ab and enhanced chemoluminescent substrate reagent (GE 
Healthcare Bio-Sciences, Piscataway, NJ); specific antibodies: ISG15 
and RIG-I (Cell Signaling Technology, Danvers, MA), IRF-1 (Santa 
Cruz Biotechnology, Santa Cruz, CA), MDA5 (Enzo Life Sciences, 
Plymouth Meeting, PA); FLAG (Sigma-Aldrich, Oakville, ON, 
Canada); recombinant active ISG15 and pro-ISG15 (Boston Biochem, 
Boston, MA). AU other chemicals were purchased from Sigma- 
Aldrich. 

Viruses and cell lines. The BEAS-2B cell line was a gift from Dr Curtis 
Harris (National Cancer Institute, Bethesda, MD). This cell line shows 
similar responses to HBE on HRV infection.^^"'^'^^'*'' WI-38 cells were 
purchased from the American Type Culture Collection (Manassas, 
VA). HRV-16 viral stocks were propagated in WI-38 cells and purified 
by centrifugation through sucrose to remove ribosomes and soluble 
factors of WI-38 origin as previously described.^^'** 

Epithelial cell culture. Normal human lungs not used for trans- 
plantation were obtained from a tissue retrieval service (International 
Institute for the Advancement of Medicine, lessup, PA). Approval to 
use recovered organs for these studies was obtained from the Conjoint 
Health Research Ethics Board of the University of Calgary. Primary 
HBE cells were obtained by protease digestion of dissected airways as 
previously described.''^ Primary HBE cells from a total of 12 donors (10 
male; age range 18-62 years) were used for the current studies. All 
donors died from head trauma or cerebrovascular causes, and none of 
the donors had any inflammatory lung disease. Both BEAS-2B and 
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HBE cells were grown on six-well culture plates in BEGM. Before 
stimulation, cells were cultured overnight in BEGM from which 
hydrocortisone had been removed after washing with Hank's balanced 
salt solution, and this hydrocortisone-free medium was used for all 
experiments. 

Viral infection of epitlielial cells. BEAS-2B cells were infected with 
10*"^ 50% tissue culture-infective dose (TCID50) Uml^ ' (multiplicity 
of infection of ~0.1) HRV-16, whereas HBE cells were infected with 
10^-^ TCID50 Umr ^ (muhiplicity of infection of ~ 1.0) HRV-16. A 
higher dose was necessary for HBE cells, as only up to 10% of cells are 
infected, even with high doses of HRV.''^ 

siRNA knockdown of ISG15, RIG-I, and IRF-1. Subconfluent BEAS- 
2B or HBE cells were transfected with 10 nM of specific siRNAs 
targeting each molecule of interest, or an appropriate control, 
nontargeting siRNA (Life Technologies, Burlington, ON, Canada) for 
24 h at 37 'C using Lipofectamine RNAiMAX (Life Technologies) in 
BEGM without antibiotics. For each molecule of interest, two different 
siRNAs were tested to confirm selectivity. After transfection, medium 
was changed and cells were allowed to recover for 48 h, with media 
changed to BEGM without hydrocortisone for the second 24-h period. 
Cells were then infected with HRV- 1 6, and supernatants were collected 
48 h post infection. Whole-cell lysates from BEAS-2B and HBE cells 
were collected 24 or 48 h post infection. The specific forward siRNA 
sequences used were as follows: ISG15 duplex A, 5'-GCAUCCUGG 
UGAGGAAUAACAAGGG-3'; ISG15 duplex B, 5'-GAGCUGAAG 
GCGCAGAUCATT-3'; RIG-I duplex A, 5'-AAGCTTTACAACCAG 
AATTTA-3'; RIG-I duplex B, 5'-TTCTACAGATTTGCTCTACT 
A-3'; IRE- 1 duplex A, 5'-UCCCAAGACG UGGAAGGCCAACUUU- 
3'; and IRF-1 duplex B, 5'-CGGACAGCACCAGUGAUCUGUAC 
AA-3'. 

Assessment of CXCL10, IRF-1, RIG-I, MDA5, and ISG15 protein. 

CXCLIO protein levels were assayed by enzyme-linked immuno- 
sorbent assay using matched antibody pairs (R&D Systems, 
Minneapolis, MN). CXCL8 levels were measured using enzyme-linked 
immunosorbent assay as previously described.** ISG15 protein levels 
from HBE supernatants and HRV-infected individuals were measured 
using a commercial enzyme-linked immunorsorbent assay kit 
(Cusabio, Wuhan, China). Whole-cell lysates from HRV-16-infected 
cells were isolated and separated on SDS-polyacrylamide gel elec- 
trophoresis as previously described."" Membranes were probed with 
IRF-1, RIG-I, MDA5, or ISG15 specific antibody overnight at 4 °C. 
Membranes were washed and incubated for 1 h with horseradish 
peroxidase-conjugated anti-rabbit or mouse IgG, and visualized with 
enhanced chemoluminescent substrate reagent. Membranes were 
stripped and re-probed with antibody to glyceraldehyde-3-phosphate 
dehydrogenase to ensure equal loading. 

Assessment of ISG15 mRNA. Total cellular RNA from HRV-16- 
infected BEAS-2B or HBE cells was isolated with TRIzol and treated 
with DNase (Ambion, Austin, TX). ISG15 mRNA expression was 
assessed by real time RT-PCR using intron-spanning specific primers 
and a Taqman probe (Applied Biosystems): ISG15 forward primer, 
5'-GCTGGGACCTGACGGTGA-3', ISG15 reverse primer, 5'-TGGA 
GCTGCTCAGGGACAC-3'; ISG15 probe, 5'-FAM-ATGCTGGCG 
GGCAACGAATTCC-MGB-3'. To permit absolute quantification, a 
first-strand cDNA standard encompassing the sequences bound by 
ISG15 primers and probe was synthesized (University of Calgary DNA 
Services, Calgary, AB, Canada). Expression of the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase was also assayed using 
reagents obtained from Applied Biosystems. Data were expressed as 
femtograms (fg) calculated from the standard curve after correction for 
variations in housekeeping gene levels. 

Overexpression of FLAG-tagged RIG-I and immunoprecipitation. 

The pTIS and pTIS-FLAG-RIG-I plasmids^^ were kindly provided by 
Dr Kui Li (University of Tennessee Health Sciences Center). BEAS-2B 
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cells were transfected with either overexpression plasmid for 6 h. Cells 
were then allowed to recover overnight and either treated with media 
or purified HRV-16 for 48 h. Cells were washed with cold phosphate 
buffered saline and then scraped in lysis buffer (20 mM Tris-HCl, pH 
7.4, 0.15 m NaCl, Ix mini complete, 1 mM phenylmethylsulfonyl 
fluoreide and 1% Triton X-100). Lysates were incubated on ice for 
lOmin, sonicated, and centrifuged at 10,000 x g for lOmin at 4 °C. 
One milligram of protein was incubated with 10 |ig ml ^ ^ anti-FLAG 
M2 antibody (Sigma, Oakville, ON, Canada) overnight at 4 "C. Protein 
G-Sepharose beads (GE Heathcare) were added to the sample and 
incubated for 30 min at 4 °C. Beads were washed 4 x in immuno- 
precipitation buffer (20 mM Tris-HCl, pH 7.4, 0.15 m NaCl) and 
Laemmli's buffer was added. Samples were subsequently run on SDS- 
polyacrylamide gel electrophoresis. 

ISG15 promoter constructs. A 634-bp ISG15 promoter-luciferase 
construct, corresponding to the sequence from — 513 to + 121 
(relative to the transcriptional start site) of the 5'-tlanking region of the 
human ISG15 gene, was amplified from human genomic DNA and 
cloned into a pGL4.10 firefly luciferase vector. Point mutations in the 
putative cAMP response element, proximal NF-kBI (kBI), and IRE 
promoter sites were generated in the truncated construct using 
standard site-directed mutagenesis techniques. Boldface, lowercase 
letters in the following sequences denote mutation sites in forward 
primers. For cAMP response element, 5'-ACGCCCtCTGAtGTG 
TGTGCCTCA-3'; for IRF-A, 5'-TCGGGAAAGGGAAACCttAACT 
GAAGC-3'; for IRF-B, 5'-TCGGGAAAGttAAACCGAA ACTGA 
AGC-3'; and for kBI, 5'-GTGGtGATaCCGTCCGCTGTCCG-3'. 
Generation of the 972-bp CXCLIO fuU-length promoter-luciferase 
construct has been previously described." Successful generation of all 
constructs was confirmed by sequencing (University of Calgary DNA 
Services). 

Lipid transfection and luciferase assay. Subconfluent (40-50%) 
monolayers of BEAS-2B cells were transiently transfected with 0.1 |.ig 
of each ISG15 promoter construct for 6 h at 37 °C using TransIT LTl 
(Mirius) in basal medium as per the manufacturer's protocol. 
Alternatively, fuU-length 972-bp CXCLIO promoter luciferase con- 
struct (0.01 |.ig) was transfected as previously described."'^" After 6 h, 
medium was aspirated and cells were allowed to recover overnight in 
BEGM (without hydrocortisone) containing 5% fetal bovine serum. 
Cells were infected with HRV-16 (1 x 10^ TCIDsoUmr ^) for 24h at 
34 °C and then lysed in passive lysis buffer. Firefly luciferase activity 
was measured following the addition of D-luciferin substrate. Data 
were expressed as fold increase of stimulated ceUs over control, or as 
luminometer readings in the form of RLUs. Within each experiment, 
results were averaged from triplicate wells. 

Natural cold study samples. Samples were taken from a previously 
conducted, prospective, cross-sectional study in which otherwise 
healthy, nonsmoking, nonallergic subjects reported to the research 
clinic within 36 h after the onset of cold symptoms.''^ Subjects 
completed a validated symptom questionnaire and underwent nasal 
lavage, as described previously.'*'^ Symptom scores and nasal lavage 
were repeated on the two subsequent days. At least two fuU weeks after 
the resolution of cold symptoms, subjects returned to the clinic for a 
retrospective baseline visit (visit 4), at which time symptom scores and 
nasal lavage were repeated. CoUection and processing of nasal lavage 
samples has been previously described.^" All subjects provided written 
informed consent, and the protocol was approved by the Conjoint 
Health Research Ethics Board of the University of Calgary. 

Viral RNA from nasal lavage samples was isolated using the 
QIAamp Viral RNA Mini Kit (Qiagen, Mississauga, ON, Canada). 
RNA was reverse transcribed using oligo(dT) and Superscript II 
reverse transcriptase. Quantitative analysis of HRV was performed 
using a previously described real-time RT-PCR technique that detects 
aU known species of HRV.*'' To quantify HRV genomic material in 
nasal lavages, a purified HRV-16 preparation of known titer was used 
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to establish a standard curve that was run in each assay. The standard 
curve permitted quantification of HRV over the range of 1 to 10^ 
TCID50 ml ^ ^ of original nasal lavage fluid.*^ Samples were obtained 
from 10 subjects (mean age, 38 years; range, 22-67 years; 5 women) 
during established HRV infections and ~ 4 weeks later, when they had 
been symptom-free for more than 2 weeks. These latter samples were 
confirmed to be negative for HRV by real-time RT-PCR. 

Measurement of HRV-1 6 viral mRNA and titers. HBE cells were plated 
in six-well plates and infected for 3 h at 34 °C followed by washing of 
cells with Hank's balanced salt solution three times. Fresh medium was 
added to cells and further incubated for a total of 72 h at 34 C with 
medium collected and replaced every 24 h. At 72 h post infection, cells 
were scraped in fresh medium, sonicated for 10 s, and centrifuged for 
10 min at 20,000 x ^ at 4 °C. Viral RNA was isolated as above from cell 
supernatants and lysates, and subjected to quantitative RT-PCR using 
primers and probe directed to the 5'-untranslated regions of HRV-16. 
Forward primer: 5'-TCCTCCGGCCCCTGAA-3', reverse primer: 
5'-ACTGGATTGTGTGCACTGGCT-3'; probe: 5'-FAM-TGGCT 
AACCTTAAACCT-MGB-3'. This system did not detect other rhi- 
novirus strains, including HRV-14, HRV-39, and HRV-IA. HRV-16 
viral titers were assessed in HBE supernatants using WI-38 cells, as 
previously described.^^ 

Statistical analysis. For normally distributed data, between-group 
comparisons were made by appropriate one-way or two-way analysis 
of variance, with post-hoc analysis using Neuman-Keuls post-hoc 
multiple comparison testing for statistical significance. For non- 
parametric data, Kruskal-Wallis analysis of variance was used, fol- 
lowed by WUcoxon matched-pairs signed-rank test. Correlations 
between continuous variables were assessed using Pearson's corre- 
lation coefficient. Correlations involving nonparametric data were 
assessed using Spearman's rank correlation coefficient. For all sta- 
tistical tests, a two-tailed P-value of <0.05 was assumed to be 
significant. 
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